Abstract-In this paper, we investigate the use of multipleinput multiple-output (MIMO) techniques with linear precoded orthogonal frequency division multiplexing (LP-OFDM) waveform for high data rate ultra-wideband (UWB) systems. This scheme is an evolution of the multiband OFDM (MB-OFDM) solution supported by the WiMedia Alliance. The aim of this paper is to obtain a very high data rate of around one gigabit for home access networks (HAN) and to improve the system range for lower data rates, while not significantly increasing the system complexity compared to the WiMedia solution. Firstly, a singleinput single-output (SISO) LP-OFDM system study is led to highlight the benefits of adding a precoding function to an OFDM signal in the UWB context. In an analytical study, different system choices and parameterization strategies are proposed in order to minimize the mean bit-error-rate (BER) and consequently improve the system range. Secondly, a MIMO scheme is added and global system simulations are performed on a proposed new geometric statistic MIMO channel model. We show that the proposed system can considerably improve the system range at low data rates, and can reach very high data rates up to 1 Gbit/s with comparable BER performances to WiMedia. Index Terms-Linear precoded OFDM, Mean BER, MIMO, UWB, WiMedia.
I. INTRODUCTION
Ultra-Wideband (UWB) is an emerging technology that has attracted considerable interest in the research and standardization communities for wireless communications since the Federal Communications Commission (FCC) Report and Order in 2002 [1] , when a 3.1-10.6 GHz spectrum was made available for unlicensed use of UWB devices. One of the main advantages of UWB is its ability to provide high data rate at low cost and relatively low power consumption. However, very stringent regulations were imposed on UWB since the 7.5 GHz allocated spectrum overlays other existing allo-
The research leading to these results has received funding from the European Community's Seventh Framework Programme FP7/2007-2013 under grant agreement n° 213311 also referred as OMEGA, and from France Telecom R&D RESA/BWA within the contract 46 136 582. cated frequency bands. In order to reduce interference with existing services, the FCC imposed a power spectral density (PSD) limit of −41.3 dBm/MHz. One of the main multipleaccess techniques considered for high data rate UWB wireless personal area networks (WPAN) standardization is a multiband orthogonal frequency division multiplexing (MB-OFDM) supported by the MultiBand OFDM Alliance (MBOA) and the WiMedia forum [2] , [3] , which merged in March 2005 and are today known as the WiMedia Alliance.
The purpose of this paper is to improve the WiMedia system in terms of range and throughput by proposing a new UWB scheme based on the combination of linear precoding (LP) principles with the OFDM waveform of the WiMedia solution. The LP process consists in applying precoding matrices or equivalently spreading sequences to various blocks of subcarriers of the multicarrier spectrum [4] . In the resulting LP-OFDM scheme, also known as spread spectrum multicarrier multiple-access (SS-MC-MA) in the wireless context [5] , the OFDM parameters of the WiMedia solution are maintained in order not to increase the system complexity significantly. The LP-OFDM UWB system is first analyzed through a new analytical study that focuses on the optimization of the precoding function. In a second step, we move to a global LP-OFDM system study, taking into account the different functions of the transmission chain, and adding a multiple-input multipleoutput (MIMO) component to exploit the spatial diversity. In addition, a new realistic channel model based on a geometric statistic approach is proposed for MIMO-UWB applications. This system study, complementarily to the analytical one, points out the advantages of appropriately combining the MIMO and LP components with the WiMedia solution.
The rest of the paper is organized as follows. Section II briefly introduces the WiMedia solution and describes the proposed LP-OFDM system after discussing, from a general point of view, the interests of adding a LP component to the OFDM scheme. Section III details the analytical study that finds the optimal configuration of the precoding function that improves the system performance and minimizes the system mean BER. In Section IV, the added MIMO component and the proposed new MIMO-UWB channel model are described. Global system simulation results showing the interest of the proposed MIMO LP-OFDM system for UWB applications are given and interpreted in Section V. Finally, Section VI concludes the paper.
II. SYSTEM DESCRIPTION

A. WiMedia solution
The WiMedia solution combines OFDM with a multibanding technique that divides the UWB spectrum into 14 subbands of 528 MHz each. An OFDM signal can be transmitted on each sub-band using a 128-point inverse fast Fourier transform (IFFT). Out of the 128 subcarriers used, only 100 are assigned to transmit data. The multiuser access is performed with time-frequency codes (TFC) which provide frequency hopping from a sub-band to another at the end of each OFDM symbol. The TFC allows every user to benefit from frequency diversity over a bandwidth equal to three sub-bands.
Different data rates from 53.3 to 480 Mbit/s, listed in Table I, are obtained through the use of FEC, frequency-domain spreading (FDS) and time-domain spreading (TDS). The constellation applied to the different subcarriers is either a quadrature phase-shift keying (QPSK) for low data rates or a dual carrier modulation (DCM) for high data rates.
In brief, the WiMedia solution offers potential advantages for high data rate UWB applications, such as the signal robustness against channel selectivity and the efficient exploitation of the energy of every signal received within the prefix margin. However, it can be improved by combining precoding schemes with OFDM, as already seen in other contexts, such as cellular communications.
B. Proposed LP-OFDM system
In this paper, we propose to add a LP component to the WiMedia solution. The resulting LP-OFDM scheme is applied to UWB while respecting the OFDM parameters of the WiMedia solution. Hence, the system evolution reduces in practice to a simple addition of a precoding block in the transmission chain, which does not increase the system complexity significantly. Taking into account the frequency selectivity and the slow-time variations of the UWB channel in an indoor environment, the spreading sequences are applied in the frequency domain. This spreading component improves the signal robustness against frequency selectivity and narrowband interference, since the signal bandwidth can become much larger than the coherence and interference bandwidths. Moreover, it increases the resource allocation flexibility as the spreading code dimension offers an additional degree of freedom [6] . We will assume that orthogonal spreading sequences are used in the proposed system.
The LP-OFDM scheme is applied to UWB as follows. At a given time, each user is allocated one of the first three WiMedia sub-bands of 528 MHz bandwidth each, in order not to increase the system complexity compared to the WiMedia solution. Each sub-band is then divided into several blocks, each of them including a number of subcarriers equal to the spreading code length L. In addition, C symbols are simultaneously transmitted by the same user on a specific subset of subcarriers and undergo the same distortions, with C the number of used spreading sequences. It is well known that the spreading operation introduces some interference between the spreading sequences when orthogonality is not maintained. This selfinterference (SI) can actually be easily compensated for by a simple detection with only one complex coefficient per subcarrier.
III. ANALYTICAL STUDY
As mentioned in the introductive part, this section is dedicated to an analytical study around the LP-OFDM waveform. More precisely, the intrinsic characteristics and capabilities of the precoding function are highlighted. The precoding function can be viewed as a particular spread spectrum operation that brings some additional parameters which are the number C and length L of the spreading sequences used in the system, and the number K of blocks. These parameters constitute new degrees of freedom in terms of system configuration and can be optimally selected. The objective of this study is to minimize the mean BER of a LP-OFDM system under a PSD constraint and a fixed target throughput using a QPSK constellation. In a first step, we optimize a single-block system, and then we move to a global multi-block system.
A. Single-block system
The throughput of a single-block LP-OFDM system in bit per symbol using a zero-forcing (ZF) detection can be derived from Shannon theorem and leads to [7] ( )
where b c is the number of bits allocated to code c, Γ c the signal-to-noise ratio (SNR) gap of the QAM constellation, h i the frequency-domain response for subcarrier i, E c the power density of code c, and N 0 the noise density. Considering a fixed maximum target throughput with C L = , minimizing the mean BER is equivalent to This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE "GLOBECOM" 2008 proceedings.
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( )
where E is the PSD limit per block, and P c the BER for code c, which can be derived from [8] and expressed for a LP-OFDM system with a QPSK constellation as
Applying Lagrange multipliers to (2) and (3) and using Lambert W function, we obtain
Consequently, the mean BER of a single-block is given by ( )
B. Multi-block system
Now, we study the case of a LP-OFDM system with K blocks, all having the same code length L. Minimizing the total system mean BER is equivalent to ( )
where h k,i is the frequency-domain response for subcarrier i within block k, and N the total number of subcarriers in the system. In addition, we consider that the SNR gap per block is superior or equal to 1, and consequently, to reach the target throughput, we should have
1) Case of a 2-subcarrier system
In order to solve (6), we start with a simplified system with only 2 N = subcarriers, and we try to minimize its mean BER. Two system configurations are possible, a 1-block system
The mean BER of the 1-block system is given from (6) by
with h 1 and h 2 the frequency responses for the two subcarriers. The mean BER of the 2-block system is given by 
The difference 1 2 BER BER − can be expressed as
Function f is strictly increasing, and BER BER ≤ . Hence, in order to minimize the mean BER, the two subcarriers should be linked together with a spreading code, i.e. one single block should be used ( )
2) Case of a multi-subcarrier system
Let us now consider two blocks a and b of length L each. The objective is to know if the two blocks should be merged into one single block or kept separated, in order to minimize the mean BER. The BERs for a single-block system and a 2-block system are given from (6) by
Let H a and H b be two real positive numbers such that
If we put H a and H b in (12) and (13), these two equations become the same as (8) and (9) . Then, the same results as with a 2-subcarrier system are obtained, and consequently
. Thus, grouping these two blocks into a single block of length 2L minimizes the mean BER. Hence, merging different blocks, and consequently different subcarriers, into a single block reduces the mean BER.
We conclude that, in order to minimize the mean BER of a LP-OFDM system with a target throughput and a QPSK constellation, without taking into account the channel coding, the spreading code length should be maximized, i.e. a single block system should be considered. In addition, this analytical study shows the importance of the LP component in reducing the system mean BER, and consequently improving the system performance as we will see later on in the global system study. This improvement is due to the energy gathering capability of
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the LP-OFDM which can exploit, contrarily to OFDM, the residual energy conveyed by each subcarrier [7] .
IV. ADDITION OF THE MIMO COMPONENT
A. MIMO scheme
A MIMO component is added to the LP-OFDM system to improve the system robustness, and consequently to increase the system range. The well known Alamouti scheme with two transmit and two receive antennas is chosen, since it provides full spatial diversity gain, with no inter-symbol interference (ISI) and with low complexity receivers thanks to the orthogonality of its matrix. The multiuser access is also performed with TFC, but contrarily to WiMedia, the frequency hopping from a sub-band to another occurs at the end of each two consecutive OFDM symbols, since the Alamouti scheme is classically applied in space and time per subcarrier.
B. New realistic MIMO-UWB channel model
In general, a channel modeling approach with correlation matrices is simple since it requires only a power delay profile and two correlation matrices. But in the case of UWB with very large bandwidth, the channel model requires a time partitioning into very narrow taps. Each tap then contains only a very small number of channel paths. Consequently, Rayleigh model can not be directly applied to the UWB case and MIMO channel matrix can not be derived from a Gaussian matrix. Besides, UWB channel can be partitioned into sub-bands of bandwidth equal to the channel coherence bandwidth. Unfortunately, this approach is difficult to be implemented due to the inter-sub-bands correlations.
In this paper, we propose a new realistic channel model for MIMO-UWB applications. A geometric statistic approach, similar to the one adopted by the spatial channel model of 3GPP/3GPP2 [9] , is considered. In this approach, a MIMO channel response can be obtained from a SISO impulse response, the angle of departure (AoD) and angle of arrival (AoA) statistics, and the antennas geometry at the transmitter and the receiver. In the proposed UWB model, the SISO impulse response is chosen from the channel model adopted by IEEE 802.15.3a [10] , which is a modified version of SalehValenzuela model for indoor channels. Then, the spatial component is based on the IEEE 802.11n model [11] , where AoD and AoA of the different clusters follow a uniform distribution. A typical channel response realization of the proposed MIMO model in the case of two transmit and two receive antennas, for an antennas spacing of 1 cm at the transmitter and at the receiver, is given in Fig. 1 .
V. GLOBAL SYSTEM PERFORMANCE
A. System parameters
After having studied analytically the LP component and presented the proposed MIMO scheme, we move to a global system study taking into account the different functions of the transmission chain. The main parameters of the LP-OFDM system are listed in Table II .
Walsh-Hadamard orthogonal spreading codes and minimum mean square error (MMSE) single user detection are applied to limit the SI. Only Sylvester constructions of Hadamard matrices are chosen to simplify the LP-OFDM system. Compared to the WiMedia system, the number of data subcarriers is reduced from 100 to 96 for each OFDM symbol. Note that the remaining 4 subcarriers could be grouped into an additional block, to use 100 data subcarriers as in the WiMedia solution. In [12] , it was shown that, for a LP-OFDM system with channel coding, the optimal value of L that minimizes the system mean BER increases when the channel coding rate r increases. This means that when r tends to 1, which is equivalent to the case without channel coding, L tends to its maximum possible value, and consequently the analytical results obtained in Section III are verified. A unique code length 16 L = is chosen here for all the simulations since it seems to be a good compromise for the used coding rates, according to previous studies. Thus, the LP-OFDM system is composed of 6 blocks of 16 subcarriers each.
One of the advantages of the LP component is that it provides a wide range of data rates due to the high flexibility brought by the joint assignment of the number C of used codes and the coding rates r. For low and medium data rates using a QPSK constellation, different r and C combinations are chosen in order to obtain data rate levels close to the ones proposed by WiMedia (See Table I and Table III for WiMedia and LP-OFDM systems data rates, respectively). At these data rates, the objective is to increase the system robustness, and consequently the system range. In addition, a 16-QAM constellation is considered in order to improve the system throughput, and four very high data rates from 614 Mbit/s to around 1 Gbit/s are proposed, listed in Table III . In this case, one or two additional bits could be needed for the analog-to-digital conversion of the UWB receiver. Hence, the radio-frequency front-end complexity of the receiver is not increased significantly compared to the WiMedia solution. This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE "GLOBECOM" 2008 proceedings.
B. Simulation results
In this section, the results of the global LP-OFDM system simulations performed on the first three WiMedia sub-bands (3.1-4.7 GHz) for the IEEE 802.15.3a CM1 channel model (line-of-sight scenario), with SISO and MIMO schemes, are presented. Note that the power gain provided by the use of 2 receive antennas is not taken into account in the presented results. If we want to take it into account, all the BER curves of the MIMO systems have to be shifted 3 dB to the left.
In Fig. 2 , WiMedia performance at the highest (480 Mbit/s) and lowest (53.3 Mbit/s) possible data rates is presented. LP-OFDM using QPSK with data rates close to WiMedia ones (medium data rate at 460 Mbit/s, and low data rate at 51.2 Mbit/s) is also given with TFC for comparison. We can see that the LP component of a SISO system brings around 1.1 dB gain at medium data rate, and around 0.6 dB at low data rate for ), resulting in a total gain of 4.6 dB compared to WiMedia. When antennas spacing is increased to
, more channels diversity is obtained and the system performance tends to the performance of a MIMO LP-OFDM system using four fully decorrelated SISO channels IEEE 802.15.3a. Hence, a total gain of 5.2 dB is obtained.
In Fig. 3 , simulation results of MIMO LP-OFDM systems using 16-QAM constellation and offering very high data rates from 614 Mbit/s up to around 1 Gbit/s, are presented. Note that the performance of the MIMO LP-OFDM system offering 1 Gbit/s is even better than the performance of WiMedia which is providing only half of this data rate.
In Fig. 4 , MIMO LP-OFDM results for all the proposed data rates are presented. The Eb/N 0 required to obtain a and without TFC has a gain of 2.7 dB, and when applying TFC, an additional gain of 1.8 dB is obtained. However, we can notice that with 5 cm d = , the TFC gain is only around 0.1 dB. This is due to the fact that for 5 cm d = , the MIMO and LP-OFDM components fully benefit from the total available diversity.
At high data rates we notice the importance of applying TFC whose gain increases significantly. In fact, at the highest data rate (983 Mbit/s), the TFC gain is equal to 3.9 dB with 1 cm d = , and 1.3 dB with 5 cm. d =
In addition, at this data rate, MIMO LP-OFDM with 5 cm d = and with TFC is 0.6 dB better than WiMedia at 480 Mbit/s.
VI. CONCLUSION
In this paper, we have proposed a new MIMO LP-OFDM UWB system that can be seen as an extension of the well known WiMedia solution, and that does not significantly increase the system complexity compared to WiMedia. In addition, we have proposed a new realistic MIMO-UWB channel model. The analytical study led on the LP-OFDM waveform has confirmed the importance of the LP component in reducing the system mean BER, and consequently improving the system performance. The global system study has shown the advantage of combining MIMO and LP techniques in UWB, in terms of performance and flexibility.
For low and medium data rates, the proposed system outperforms WiMedia in terms of system robustness, and consequently in terms of system range. In addition, it can offer a data rate of around 1 Gbit/s with even better performance than WiMedia in terms of BER, which can provide at maximum only half of this data rate. In conclusion, the proposed MIMO LP-OFDM system can be advantageously exploited for UWB applications. This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE "GLOBECOM" 2008 proceedings. This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE "GLOBECOM" 2008 proceedings.
